and polynomial order by method of moments (MoM). The analyzed parameters are: spectral response, resonances, near field enhancement and confinement, radiation efficiency and directivity.
II. THEORY

A. Geometries of the Modified Bowtie Nanantennas
The geometries of the modified bowtie nanoantennas are shown in Fig. 1 , L is the side length of the conventional bowtie triangle. The conventional bowtie antenna corresponds to the case α=1 where the side variation is linear. These antennas are placed in the origin of the coordinate system with the axis of the antenna oriented along the x axis. The distance between the arms of the bowtie dipoles is d, and the thickness, which is not shown, is w. With these parameters, the total antenna's length is d+2×h. For higher values of α, the tips of the antenna are more acute. 
B. Numerical Model of Analysis
The nanoantennas shown in Fig. 1 were numerically analyzed by a MoM code based on model proposed in [10] . In this model, the equivalent polarization current inside the total volume v of the
is determined by solving the tensor integral equation for the electric field
In (2), PV means the principal value of the integral where the evaluation is inside the volume v excluding the singularities of the free-space vector Green's function G . The variables and parameters in (1)-(2) are as follows: i E and E are the incident and total electric field inside the volume v, respectively, ω the angular frequency, k 0 =ω(µ 0 ε 0 ) 1/2 =2πc/λ the wave number, λ is the wavelength, c is the speed of the light in free space, µ 0 the free space permeability, ε 0 the free space permittivity. The complex permittivity of the Au particles is ε=ε 0 ε r , where ε r is defined
and the parameters of this equation are: ε ∞ =6, ω p1 =13.8×1015s −1 , Γ=1.075×1014s
, ω 0 =2πc/λ 0 , λ 0 =450nm, ω p2 =45×1014s −1 , and γ=9×1014s −1 [1] . This model is a good approximation in the range of wavelengths from 500 nm to 1000 nm. Exactly in this frequency range we fulfill our analysis.
The excitation of the antennas is represented by i E . Two kinds of sources are considered in this model: an Ex-polarized, z-directed plane wave, and an infinitesimal electric dipole with moment positioned in middle of the gap's antenna and polarized in the x axis ( Fig. 1 ). The first numerical experiment is called the excitation regime and the second the emission regime.
To solve these scattering problems by MoM, the volume of a given antenna is divided in N small cubic subvolumes, where the total electric field is approximately constant. With this approximation, the integral equation is transformed into a linear system with N t =3N equations because there are three electric field components in each subvolume.
C. Definitions of the Parameters Analyzed
The solution of the equivalent linear system produces the total electric field E inside the volume v of the antenna. With this result, the near and far field characteristic parameters of the antennas are calculated. In the excitation regime, we calculated the near electric field and scattering cross section respectively by
where η is the free space impedance and U(θ,φ) is the radiation intensity of the scattered far field in a given direction θ and φ. Other characteristics analyzed in this regime are the field enhancement and spatial confinement. The first one is defined by (|E|/|E 0 |) 2 , where |E| is the total field near the antenna and |E 0 | is the amplitude of the incident plane wave. The second characteristic is a spatial distance between 3dB points where (|E|/|E 0 |) 2 =0.5. This parameter is a spatial bandwidth (in nanometers)
around the maximum field enhancement, where in the case of the nanoantennas, this maximum value is in the middle of the antenna's gap. In the present analysis, we calculated the spatial confinement in the axis y and z ( Fig. 1 ) and we represent them by σ y and σ z , respectively. In the emission regime, we evaluated the directivity and radiation efficiency respectively by [11] 
where P rad and P loss are the radiated and dissipated power of the antennas. In (6) the characteristic U is the total radiation intensity due to the scattered field by the antenna and the radiated field by the infinitesimal electric dipole.
III. NUMERICAL RESULTS
Based on theory presented in the previous section, several codes in Fortran and Matlab were Fig. 2 shows the spectral response of the normalized field (|E|/|E 0 |) in the middle of the antenna's gap (the origin of the coordinate system) and the scattering cross section in the +z direction (SCS z ) of the modified bowtie nanoantenna with α=(1,2,3,4). These characteristics were obtained by (4) and (5) in the excitation regime. We observe in these results two principal resonances in λ a and λ b (λ a >λ b ), which are the same for the near field (|E|/|E 0 |) and far field (SCS z ).
A. Spectral Response in the Excitation Regime
These resonances are shifted to the right for large values of α, but the variation of λ a is higher than λ b . We conclude that the resonance λ a is more sensitive with the geometric parameter α than the resonance λ b , and this parameter can be used to tune the resonance of a particular antenna.
The values of |E|/|E 0 | and SCS z at the resonances λ a and λ b are different. In the near field region, the main resonance is λ a , where it presents highest values of |E|/|E 0 |. In the far field region, the maximum values of SCS z are obtained in λ b , the exception is the case α=2 (Fig. 2) . Table I summarizes the values of some parameters of these antennas at the resonance λ a . This table shows that the modified dipoles with α=(2,3,4) have higher field enhancement than the conventional one (α=1), and the highest value is 692 of the case α=2. The scattering cross section of antennas with larger values of α are smaller, this is due the different physical areas of the antennas. The spatial confinement presented in this table will be discussed in the next section. 
B. Near Field Distributions
In this section, we analyze the electric field distributions near the nanoantennas and its spatial confinement properties. Fig. 6 shows the variation of the normalized total field near the nanoantennas with α=(1,2,3,4) at the plane z=10nm. This plane is approximately 5nm above the antenna's surface, because the antenna's thickness are variable, i.e. w=9.5; 10; 10.3; 10.6 (nm) for the antennas with α=(1,2,3,4) respectively. The dimensions of the antenna are L=50nm and d=10nm, and the wavelength where these distributions were calculated are the resonances λ a given in Table I . In this figure, we observe the better field confinement of the modified antennas than that for the conventional one. The fields shown in Fig. 5 are the total field, but we also analyzed the distributions of the isolated components x, y, and z for the antenna with α=3. The results are presented in Fig. 6 , where we observe that the values of the components x and z are larger than the component y in the plane z=10nm ( Fig. 6(b)-(d) ), and the x component ( Fig. 6(b) ) is more confined in the antenna's gap. We also observe that there is only the component x at the plane yz between the arms of the dipole ( Fig. 6(a) ). From these results, we conclude that in the antenna's gap, the principal polarization is the component x. If a molecule is positioned in the middle of this dipole, the antenna's field will excite in the molecule a electric dipole moment x p , this is why we analyze in this paper only this polarization.
The results of this emission regime will be presented in the next section. To analyze the spatial confinement of the results presented in Fig. 5 and Fig. 5(a) , we present in Fig. 7 the variation of the normalized field along the axis y and z. The results of the spatial confinement parameters σ y and σ z are presented in Table I . We note that these antennas possess higher confinement along the axis y than the axis z, and the highest confinement in the axis y is for the modified antennas with α=2, where σ y =5.8nm. The confinement in the axis y depends on the value of the polynomial order (α), and the confinement in the axis z depends on the antenna's thickness (w).
All the antennas in Fig. 6 possess approximately the same values of w, this is why they have similar values of σ z . 
C. Directivity and Efficiency in the Emission Regime
In this section, we present the numerical results of the modified bowtie nanoantennas in the emission regime, where an infinitesimal electric dipole localized in the middle of the nanoantennas is the source of the antenna system (Fig. 1) . The polarization of this infinitesimal dipole is in the x direction and its moment dipole is x p . This polarization was chosen because in the excitation mode only the component x of the electric field exists in the middle of the bowtie nanoantennas (Fig. 6) .
The results presented here are the directivity (D) in the +z direction (θ=0 o ) and the radiation efficiency (e) as defined in (6) and (7) respectively. This approximate exponential variation is for the resonance λ a , and for the resonance λ b the efficiency stays practically constant. for example, the total length is increased by a factor of two, the efficiency is also increased two times.
With the results presented in this section, we conclude that the modified bowtie nanoantennas with α>1 possess smaller radiation efficiency than that of the conventional one with α=1 and their directivities are equal to 1.5 at the principal resonances. However, we can rise up the radiation efficiency with the increasing of the dimensions L and d.
IV. CONCLUSIONS
In this paper, we presented a theoretical analysis of modified bowtie nanoantennas with polynomial sides in the excitation and emission regimes. We observed in the excitation regime that the resonances of the modified antennas are shifted to higher wavelengths and the electric field in the middle of the gap's antenna is increased, where it presents only polarization along the axis of the dipoles. Also, the field confinements of the modified antennas are higher than the conventional one. In the emission mode, we noted that the maximum radiation efficiency of all antennas occurs at the same resonant wavelengths obtained in the excitation regime, and the values of these efficiencies, for the modified antennas, are smaller than those of the conventional one with same dimensions, but it can be increased for larger antenna's size and gap distances between the arms of the dipoles. With respect the directive properties of these antennas, all the cases analyzed presented directivities similar to that of an electrically small antenna.
With all these results, we conclude that the modified bowtie nanoantennas have higher near field enhancement and confinement, and smaller radiation efficiency than those of the conventional bowtie antenna with linear sides. With appropriated dimensions, these novel nanoantennas can be used, for example, to enhance the spontaneous emission of single molecules positioned in the middle of the antenna's gap. Future works can be the analysis the characteristics dependence of these antennas on the thickness, orientation of the incident plane wave, and the polarization of the emitter in the gap.
